The band structure of CuInTe2 studied by optical reflectivity by Yakushev, M. V. et al.
Yakushev, M. V. and Mudryi, A. V. and Kärber, E. and Edwards, P. R. and 
Martin, R. W. (2019) The band structure of CuInTe2 studied by optical 
reflectivity. Applied Physics Letters, 114 (6). ISSN 0003-6951 , 
http://dx.doi.org/10.1063/1.5079971
This version is available at https://strathprints.strath.ac.uk/66980/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any correspondence concerning this service should be sent to the Strathprints administrator: 
strathprints@strath.ac.uk
The Strathprints institutional repository (https://strathprints.strath.ac.uk) is a digital archive of University of Strathclyde research 
outputs. It has been developed to disseminate open access research outputs, expose data about those outputs, and enable the 
management and persistent access to Strathclyde's intellectual output.
1

The band structure of CuInTe2 studied by optical reflectivity   
 
M.V. Yakushev,1,2,3 A.V. Mudryi,4 E. Kärber,5 P.R. Edwards6 and R.W. Martin6 
 
1 M.N. Miheev Institute of Metal Physics of the UB  RAS, 18 S. Kovalevskaya St., 620108, Ekaterinburg, Russia 
2Ural Federal University, 19 Mira St., 620002 Ekaterinburg, Russia 
3Institute of Solid State Chemistry of the UB RAS, 91 Pervomaiskaya St.,620990 Ekaterinburg, Russia 
4Scientific-Practical Material Research Centre of the National Academy of Belarus, 19 P. Brovki, 220072 Minsk, Belarus  
5Department of Materials and Environmental Technology, Tallinn University of Technology, Ehitajate tee 5, 19086 Tallinn, Estonia 
6Department of Physics, SUPA, University of Strathclyde, G4 0NG Glasgow, UK 
 
* michael.yakushev@strath.ac.uk  
 
CuInTe2 is a semiconductor with high potential for use as a thermoelectric material and as the absorber in thin film solar 
cells. Studying the optical reflectivity spectra of CuInTe2 single crystals resolves resonances at 1.054 eV and 1.072 eV, 
which are assigned to the A and B free excitons. Photoluminescence spectra exhibited a peak due to the A free exciton at 
1.046 eV. Varshni coefficients were found for both excitons. Zero temperature bandgaps EgA = 1.060 eV and EgB = 1.078 
eV were determined for the A and B valence sub-bands, respectively. The splitting due to crystal-field ǻCF and spin-orbit 
effects ǻSO were calculated as -26.3 meV and 610 meV, respectively, using the determined EgA and EgB and a literature 
value of EgC.  
 
The ternary compound CuInTe2 is a semiconductor with a 
direct bandgap Eg of 1 eV1 and a chalcopyrite lattice structure.2 It 
has significant potential as a thermoelectric material (TEM).3 This 
potential can be quantified by the value of zT (zT=s2ıT/ț, where s, 
ı, T, and ț are the Seebeck coefficient, electrical conductivity, 
absolute temperature, and thermal conductivity, respectively), 
which reaches 1.18 for un-doped CuInTe2 at 850 K. This is the 
highest zT-value for un-doped TEMs with the diamond structure. 
Furthermore, theoretical studies suggest that p-type doping of 
CuInTe2 can increase zT up to 1.72 (for the same temperature).4 
Furthermore, the steepness of energy-momentum dispersion 
relations of CuInTe2, experimentally determined in ref. [5], results 
in carrier mobility exceeding 800 cm2V-1s-1 which significantly 
greater than those observed for other chalcopyrites making this 
compound highly suitable for light-harvesting applications 
whereas the energies of its valence and conduction bands make 
CuInTe2 a strong candidate as a material for converting sunlight 
into sustainable hydrogen energy by photoelectrocatalytic water 
splitting. 
On the other hand, the direct bandgap, high absorption 
coefficient,6 the possibility of p-type doping by intrinsic defects 
make CuInTe2 an attractive candidate for the absorber layer of 
solar cells. The highest conversion efficiency Ș, reported so far for 
solar cells with CuInTe2 absorbers, is 4.13%,7 whereas the use of 
Cu(In,Ga)Te2 absorbers increased Ș up to 6.19%.8 Further 
improvements in the performance of CuInTe2-based solar cells 
requires a better understanding of the electronic band structure of 
this material similar to that achieved for other chalcopyrites such 
as Cu(In,Ga)Se2.  
Optical spectroscopy has been used extensively to analyse 
such properties.9 The quantity and quality of information, which 
can be gained from optical spectra of a semiconductor, depends 
very much on its structural quality. At low defect concentrations 
optical spectra exhibit sharp excitonic features providing a wealth 
of accurate data on the electronic structure and defect nature. The 
presence of excitons in optical spectra and the width of their 
features can be used as indicators of the structural quality.10  
In the early studies of the chalcopyrites CuInSe2, CuGaSe2 and 
CuInS2 free excitonic features in reflectivity spectra were used to 
analyse their electronic band structure.2,11-13 Results of these 
studies made possible the successful application of 
Cu(In,Ga)(SeS)2 (CIGS) in the absorber layer of thin film solar 
cells demonstrating conversion efficiencies Ș up to 22.6%,14 which 
is a current record for laboratory size single junction thin film 
photovoltaic devices.15  
As with other chalcopyrites the band structure of CuInTe2 is 
strongly influenced by the hybridisation of the Cu d- and the 
chalcogen (Te) p-states.16 The difference in the Cu-Te and In-Te 
bonding generates a tetragonal distortion Ĳ, defined as Ĳ = 1 - c/2a, 
where c and a are the lattice constants, which splits the uppermost 
valence band in the A, B and C sub-bands.  
Room temperature electro-reflectance (ER) spectra of CuInTe2 
single crystals revealed an intense excitonic feature at 1 eV, which 
was assigned to unresolved AB free excitons and related to an Eg 
of 1.064 eV.1 The C free exciton was also observed in the ER 
spectra at 1.674 eV. A value of Eg = 1.061 eV was determined in 
ref. [17] using optical absorption of CuInTe2 thin films at room 
temperature. Optical absorption measurements at 10 K resulted in 
a spread of Eg values from 1.007 eV to 1.059 eV18 demonstrating 
how the optical bandgap, measured using absorption techniques, 
can be influenced by band tails generated by deep potential 
fluctuations at high concentrations of defects. A free exciton, 
observed at 1.053 eV in photoluminescence (PL) spectra, 
measured at 10 K in excitonic quality single crystals of CuInTe2 
has been assigned to the ground state of the A free exciton leading 
to an estimate of 1.059 eV for the bandgap of the A sub-band 
assuming a binding energy of 6 meV.19 Room temperature 
measurements demonstrate a reduction of Eg.5 However, no 
reports on CuInTe2, exhibiting clear splitting of the A and B free 
excitons, can be found in the literature as yet. 
In this paper we examine the electronic structure in excitonic 
grade CuInTe2 single crystals using optical reflectivity (OR) and 
PL.  
Single crystals of CuInTe2 were grown from a near 
stoichiometric charge of the high purity elements Cu, In, and Te 
by the vertical Bridgman technique. A procedure, originally 
developed to grow high quality single crystals of CuInSe2,20 was 
used to grow  CuInTe2, assuming a melting point of 798 oC and 
the phase transition at 672 oC from the phase diagram in ref. [21].   
Wavelength dispersive X-ray (WDX) microanalysis was 
carried out to examine the elemental composition of the samples 
using an electron beam energy of 10 keV and pure Cu, In and Te 
as standards. 
A single grating monochromator with 1 m focal length was 
used to carry out the PL and OR measurements.  The 514 nm line 
of an Ar+ laser was employed to excite PL, whereas a 100 W 
tungsten halogen lamp was used for the OR measurements. A 
closed-cycle helium cryostat was employed to hold the samples at 
temperatures from 5 K to 300 K. A cooled InGaAs photomultiplier 
tube was used to detect the PL and OR signals in the spectral 
region from 0.9 µm to 1.7 µm. The measurements were carried out 
with a spectral resolution of 0.4 meV. More experimental details 
on the optical spectroscopy set up can be found elsewhere.22,23 
X-ray diffraction (XRD) patterns were recorded by a Rigaku 
Ultima IV powder diffractometer in the Bragg-Brentano (ș-2ș) 
geometry using a Cu KD1 radiation source (Ȝ = 0.15406 nm). The 
2

crystal structure and phase composition were analysed using 
Rigaku PDXL 2 software.  
The WDX measured elemental composition of the samples 
(Cu: 25.4, In: 25.3 and Te: 49.3 At.%) demonstrated a near 
stoichiometric content of copper [Cu]/[In] = 1.00 and a slight 
deficiency of tellurium with respect to the metals [Te]/[Cu+In] = 
0.97.  
A XRD powder diffractogram, measured for the studied 
CuInTe2 samples, is shown in FIG.1. This diffractogram exhibits 
only chalcopyrite structure reflexes of CuInTe2 demonstrating the 
single-phase nature of the fabricated material. A Rietveld 
refinement, performed for the observed reflexes, confirmed that 
this material crystallised in the I-42d chalcopyrite phase with unit 
cell parameters a = 0.6194 nm and c = 1.2416 nm which result in 
a small and negative tetragonal distortion of - 0.23%.   
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FIG.1. XRD pattern of CuInTe2. 
 
FIG.2 shows the near band edge region of unpolarised OR and 
PL spectra measured at 5 K. The PL spectrum shows a number of 
sharp peaks. The highest energy peak (FX) at 1.053 eV is assigned 
to a free exciton (FX) and has a full width at half maximum 
(FWHM) of 3 meV whereas the other six peaks (1 at 1.046 eV, 2 
at 1.045 eV, 3 at 1.042 eV, 4 at 1.037 eV, 5 at 1.033 eV and 6 at 
1.031 eV) are sharper and are likely to be attributed to bound 
exciton transitions.  
The OR spectrum reveals two clear resonances: the A 
resonance with its minimum at 1.055 eV and the B resonance at 
1.073 eV. The spectral position of the A resonance corresponds to 
that of FX in the PL spectra suggesting that FX can be assigned to 
the A free exciton comprising an electron from the conduction 
band and a hole from the A valence sub-band.  
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FIG.2. OR and PL spectra measured at 5 K.  
 
The spectral energy of this peak is equal to that of the A free 
exciton, reported in ref. [19], supporting this assignment. The 
presence of excitons with a FWHM of 3 meV for the FX peak in 
the PL spectra demonstrates the high structural quality of this 
material.  
We assign the B resonance to the B free exciton, a 
recombination of free electron from the conduction band and a 
hole from the B valence sub-band. FIG.3 shows an evolution of 
the OR spectra of the A and B excitons at temperature increasing 
from 5 K to 180 K. 
It can be seen that both the A and B resonances gradually 
redshift with rising temperature. Both resonances broaden with 
rising temperatures and are not resolved for beyond 160 K. 
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FIG.3. Temperature dependence of the A and B free exciton 
region of the OR spectra. 
 
To accurately determine the spectral position of the excitons 
the OR spectra were fitted with the function proposed in ref. [24]:  
 
R(E)=R0+Rx(Re{eiT(Ex-E+i*x)/[*x2+(Ex-E)2]}),        (1) 
 
where Ex is the A or B excitons spectral energy, *x is the 
broadening parameter of the exciton and T is a phase, whereas Rx 
is an amplitude and R0 a background.  
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FIG.4. (a) OR spectrum measured at 5 K (ƕ) and fitted with eq. (1) (-red 
line),  (b) temperature dependence of the spectral position of the A(Ƒ) and 
B(ż) excitons in the OR spectra and the best fits using the Varshni 
expression (red lines), (c) the energy band structure of CuInTe2 at the 
centre of the Brillouin zone (not drawn to scale). 
 
An example of the fitting for the 5 K OR spectrum is shown in 
FIG.4(a). FIG.4(b) shows the temperature dependence of the spectral 
energy of the A and B excitons in the OR spectra. The 
experimental points were fitted with the Varshni expression:25 
 
EFX(T) = EFX(0)  DT2/(E  T),  (2) 
 
where EFX(T) is the spectral energy of the A or B exciton at 
temperature T, EFX(0) is this energy at 0 K, D and E are fitting 
parameters. The fitting parameters for both excitons are collected 
in Table I.  
Neither of the EgA and EgB temperature dependencies shown in 
FIG.4(b) demonstrates the non-monotonic change of the bandgap 
observed at low temperatures for CuInSe226 and CuInS227. The 
character of the temperature dependence of Eg is attributed to the 
combined effect of temperature changes of the lattice constants 
and electron-phonon interaction. 
3
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Assuming a binding energy of 6 meV for both the A and B 
excitons, as estimated in ref. [18], we can determine 0 K values of 
the A and B bandgaps as EgA = 1.060 eV and EgB = 1.078 eV. 
Table I. Varshni D and E fitting parameters as well as zero 
temperature spectral energy EFX(0) for the A and B free excitons.  
 
Exciton D, eV/K E, K EFX(0), eV 
A (4.1±0.4)10-4 327±45 1.0542±0.0004 
B (7.0±0.2)10-4 640±227 1.0717±0.0001 
 
A quasi-cubic model, developed by Hopfield28 for binary 
hexagonal semiconductors, interprets the valence band splitting as 
a result of the simultaneous influence of the spin-orbital ǻSO and 
crystal field coupling ǻCF. Although the model failed to produce 
accurate theoretical values of ǻSO and ǻCF for the Cu-III-VI2 
chalcopyrites2,29 due to a hybridisation of the Cu d- and p-states of 
other atoms such an interpretation has been used in a number of 
papers concerned with the electron structure of semiconductor 
compounds. Experimentally ǻSO and ǻCF can be determined from 
EgA, EgB and EgC, the A, B and C sub-bandgaps of CuInTe2, as 
follows:28 
 
ǻSO = -½(E1+E2) + ½[(E1+E2)2 - 6E1E2]½,  (3) 
 
and 
 
ǻCF = -½(E1 + E2) - ½[(E1 + E2)2 - 6E1E2]½,  (4) 
 
where E1 = EgB  EgA and E2 = EgB  EgC. Using the EgA and EgB 
values, determined in this study, and an EgC of 1.674 eV from ref. 
[1], ǻCF = - 26.3 ± 0.4 meV and ǻso = 610 ± 20 meV, were 
calculated. A schematic energy band structure of CuInTe2 at the 
centre of the Brillouin zone is shown in FIG.4(c).  
The previously reported values of the crystal-field and spin-
orbit splitting in CuInTe2 ǻCF = 0 meV and ǻso = 610 meV, 
respectively, were estimated in ref. [17] assuming zero splitting of 
the A and B valence sub-bands. Such a splitting directly 
determines ǻCF, whereas the value of ǻso, calculated in this paper, 
is in excellent agreement with our value demonstrating its weak 
sensitivity to the non-cubic deformation of the lattice along with 
the A-B sub-band splitting, generated by this deformation. Angle-
resolved photoelectron spectroscopy measurements5 also show a 
similar band structure: a clear C valence sub-band splitting and 
probably a sign of the A-B sub-band separation. Since 'CF<<'SO, 
the literature value of 610 meV1 we used can be compared to the 
estimate of 'SO of approximately 800 meV in Ref. 5, although the 
temperature and formalism are different.  
The tetragonal distortion reported for CuInSe2 in ref. [30] is -
0.48%, which is close to that of Ĳ, measured for CuInTe2 in this 
paper. However, in CuInTe2 its small and negative Ĳ results in the 
small and negative ǻCF whereas in CuInSe2 ǻCF = 5.3 meV is 
positive due to the inversion of its upper most valence sub-
bands.26 The spin orbital splitting in CuInSe2 of 234.7 meV, also 
reported in ref. [26], is significantly smaller than that in CuInTe2.  
The tetragonal distortion of 1.87% in another technologically 
important chalcopyrite CuGaSe2, reported in ref. [31], is positive 
and its magnitude is significantly greater than that in CuInTe2. 
Such a positive Ĳ results in CuGaSe2 in a negative ǻCF = -112 
meV,12 which is much greater than that determined in this paper 
for CuInTe2. A spin-orbit splitting of 231 meV, reported for 
CuGaSe2 in the same report, is significantly smaller than our 
finding for CuInTe2. The character of the energy band structure of 
CuInTe2 at the centre of the Brillouin zone is similar to that of 
CuGaSe2.12 
Although the measured splitting of the A and B valence sub-
bands does not provide an immediate solution to technological 
problems of the fabrication of CuInTe2-based solar cells or 
thermoelectric devices this result should improve the general level 
of understanding of the electronic properties of the compound 
accelerating the development process of efficient CuInTe2-based 
electronic devices.       
In conclusion, the electronic band structure of CuInTe2 single 
crystals, grown by the vertical Bridgman technique, was studied 
by OR and PL. The 5 K PL spectra showed sharp peaks assigned 
to excitonic recombination. The 5 K OR spectra revealed two 
resonances, A at 1.054 eV and B at 1.072 eV, assigned to the A 
and B free excitons. Varshni coefficients were found for both 
excitons. Bandgaps of EgA = 1.060 eV and EgB = 1.078 eV, for the 
A and B valence sub-bands, respectively, were determined for 
zero temperature assuming a binding energy of 6 meV. The 
splitting due to crystal-field ǻCF and spin-orbital effects ǻSO were 
calculated as -26.3 meV and 610 meV, respectively, using the 
determined EgA, EgB and a literature value of EgC.  
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